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ABSTRACT
A direct adaptive feedforward control method for track-
ing repeatable runout (RRO) in bit patterned media recording
(BPMR) hard disk drives (HDD) is proposed. The technique es-
timates the system parameters and the residual RRO simultane-
ously and constructs a feedforward signal based on a known re-
gressor. An improved version of the proposed algorithm to avoid
matrix inversion and reduce computation complexity is given.
Results for both MATLAB simulation and digital signal proces-
sor (DSP) implementation are provided to verify the effectiveness
of the proposed algorithm.
1 INTRODUCTION
Data bits are ideally written on concentric circular tracks in con-
ventional HDDs that use magnetic disks with continuous me-
dia. This process is different in bit patterned media recording
since data should be written on tracks with predetermined shapes,
which are created by lithography on the disk [1, 2]. As shown
in Fig. 1 the trajectories that are required to be followed by the
servo system in BPMR are servo tracks, which are characterized
by the servo sectors written on the disk. Deviation of a servo
track from an ideal circular shape is called RRO. Therefore, the
servo controller in BPMR has to follow the RRO which is un-
known in the time of design, and as a result the servo control
methodologies used for conventional drives [3] cannot be ap-
plied to BPMR directly. In our prior works, we proposed indirect
adaptive control methods for mechatronic devices to compensate
for unknown disturbances (such as RRO) [4, 5, 6] and dynamics
mismatches [7, 8]. In this paper, we propose a direct adaptive
control method to address challenges specific to BPMR which
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are briefly listed here: (1) RRO profile is unknown; (2) RRO
frequency spectrum can spread beyond the bandwidth of servo
system, therefore, it will be amplified by the feedback controller;
(3) RRO spectrum contains many harmonics of the spindle fre-
quency (e.g. ∼ 200 harmonics) that should be attenuated, which
increases the computational burden in the controller; (4) RRO
profile is changing from track to track (i.e. it is varying on the
radial direction); (5) HDD servo dynamics changes from drive to
drive and by temperature [9].
The remainder of this paper is organized as follows. Sec-
tion 2 presents our direct adaptive feedforward control algorithm
and section 3 shows the real time DSP implementation results.
Data tracks
Bit-patterned mediaConventional media
Servo tracks
FIGURE 1: Servo Track (dotted blue) and data track (solid red)
in conventional and bit-patterned media
2 Control Design
The architecture that is considered for the servo control system
is shown in Fig. 2. An add-on feedforward controller is designed
for HDD. Without loss of generality, we chose VCM as an ex-
ample. Here, R is the transfer function from VCM input to PES,
1 Copyright c© 2016 by ASME
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FIGURE 2: Control architecture.
ue is an exogenous excitation signal, ua is the feedforward sig-
nal, r is the unknown RRO with known frequencies and e is the
PES. We aim to design an adaptive controller that generates ua
in order to fade the frequency contents of the error signal e at se-
lective frequencies which correspond to the harmonics of spindle
frequency (120Hz and its harmonics in our case).
2.1 Basic Direct Adaptive Feedforward Control
From Fig. 2, the PES can be written as
e(k) = R
(
q−1
)
(ue (k)+ua (k))+ r (k) ,
where R
(
q−1
)
= B
(
q−1
)
/A
(
q−1
)
and can be expanded as
e(k) = A∗
(
q−1
)
e(k)+B
(
q−1
)
ue (k)+θTMφr (k) , (1)
where A
(
q−1
)
= 1−A∗ (q−1), A∗ (q−1)= a1q−1+ · · ·+anaq−na ,
B
(
q−1
)
= b1q−1+ · · ·+bnbq−nb and the residual error
θTMφr (k) = B
(
q−1
)
ua (k)+A
(
q−1
)
r (k) , (2)
where φr (k) is the regressor for RRO with known frequencies.
In regressor form, PES is
e(k) = θTA φe (k)+θ
T
B φue (k)+θ
T
Mφr (k) ,
and its estimation
eˆ(k) = θˆTA (k)φe (k)+ θˆ
T
B (k)φue (k)+ θˆ
T
M (k)φr (k) ,
where θTA = [a1,a2, · · · ,ana ], φe (k), θTB =
[
b1,b2, · · · ,bnb
]
and
φue (k) are regressors for e(k) and ue(k). θˆA, θˆB and θˆM are the
estimates of θA, θB and θM and the updating law is
θˆ (k+1) = θˆ (k)+K (k)φ (k) e˜(k)/
(
1+φT (k)φ (k)
)
, (3)
where e˜(k) = e(k) − eˆ(k), θˆ (k) = [θˆTA (k) , θˆTB (k) , θˆTM (k)]T ,
φ (k) =
[
φTe (k) ,φTue (k) ,φTr (k)
]T and K(k) is a decreasing gain.
Eq. (3) indicates that both of the system and the residual RRO
are estimated simultaneously. The feedforward control signal is
constructed using the same regressor as the RRO yielding
ua (k) = θˆTD (k)φr (k) . (4)
In Eq. (2), using θˆM(k) and Bˆ
(
q−1
)
instead of θM and B(q−1),
approximately we have
Bˆ
(
q−1
)[
θˆTD (k)φr (k)
]
+A
(
q−1
)
r (k) = θˆTM (k)φr (k) , (5)
where Bˆ
(
q−1
)
= bˆ1 (k)q−1 + · · ·+ bˆnˆb (k)q−nˆb with nˆb the esti-
mate of nb. Since A
(
q−1
)
r (k) = θTR¯ φr (k) with θR¯ an unknown
vector and φr (k) a nonzero vector, from Eq. (5) we have
θˆD (k)+θR¯(k) = D
−1
Bˆ
(k) θˆM (k) ,
where DBˆ (k) can be formed based on the magnitude and phase
of Bˆ
(
e− jωi
)
, i= 1,2, · · · ,nr with nr the number of frequencies to
cancel. The updating law for θˆD (k) is
θˆD (k+1) = θˆD (k)−αD−1Bˆ (k) θˆM (k) . (6)
The inverse of DBˆ (k) involves inverting the estimated magni-
tudes that might be very small in transition, especially when θˆB
is initialized by zeros. In that case, any small fluctuation of θˆB
can cause large transient error. A smoothing on magnitude and
phase of Bˆ
(
e− jωi
)
has to be designed to relax transient errors.
The basic direct adaptive feedforward control algorithm is sum-
marized in Table. 1.
0. Initialize the regressors φe (k), φue (k) and φr (k);
1. Apply ue(k) and ua(k) to VCM;
2. Subtract eˆ(k) from PES to determine the estimate error e˜(k);
3. Update the parameters θˆ(k) using Eq. (3);
4. Update the matrix DBˆ (k) from θˆB(k) and compute its inverse;
5. Update θˆD(k) using Eq. (6) and compute ua(k) from Eq. (4).
TABLE 1: Basic Direct Adaptive Feedforward Control
2.2 Improved Direct Adaptive Feedforward Control
As mentioned earlier, computational complexity of invert-
ing DBˆ (k) grows as the number of frequencies increases which
is a crucial burden in DSP implementation. In this section, we
will provide an improved version to avoid matrix inversion. By
applying “swapping lemma” to (5), we have
θˆTD (k)
[
Bˆ
(
q−1
)
φr (k)
]
+A
(
q−1
)
r (k) = θˆTM (k)φr (k) , (7)
therefore, the updating law for θˆD (k) is
θˆD (k+1) = θˆD (k)−α
[
Bˆ
(
q−1
)
φr (k)
][
θˆTM (k)φr (k)
]
. (8)
Note that in (8) no matrix inverse is required. The improved di-
rect adaptive feedforward control algorithm is summarized in Ta-
ble. 2 where the first three steps are the same as those in Table. 1.
To be noted here, the proposed direct adaptive feedforward con-
trol algorithm and its improved version can be directly extended
to the second-stage actuator which is mili-actuator (MA) respon-
sible for high frequency RRO.
2 Copyright c© 2016 by ASME
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FIGURE 3: Spectrum comparison.
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FIGURE 4: Feedforward signal for VCM and MA.
...
4. Construct the matrix Bˆ
(
q−1
)
(k)φr (k) and compute residual
error θˆTM (k)φr (k);
5. Update θˆD(k) using Eq. (8) and compute ua(k) from Eq. (4).
TABLE 2: Improved Dreict Adaptive Feedforward Control
3 Experiment Results and Conclusion
We implement both of the two algorithms in MATLAB simula-
tion and the real time experiment setup on dual-stage HDD. In
simulation, R and RRO together with NRRO are modeled from
real system measurement data. Since the simulation and exper-
iment results were very close, only experiment results using the
improved version are shown in Fig. 3, where RRO is reduced
to NRRO level. In simulation as well as in experiments, VCM
was responsible for the low frequency RRO (harmonics up to 58),
while MA was responsible for the high frequency RRO (harmon-
ics from 59 to 173). As a result, the feedforward control signal
in one disk revolution shown in Fig. 4 for the VCM consists of
low frequency contents while for the MA it has high frequency
components.
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